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Introduction {#reg253-sec-0010}
============

Planarian flatworms are attractive model organisms for studies of stem cell biology, mechanisms of disease, maintenance of body homeostasis, and tissue regeneration (Aboobaker [2011](#reg253-bib-0001){ref-type="ref"}; Reddien [2013](#reg253-bib-0030){ref-type="ref"}; Rink [2013](#reg253-bib-0032){ref-type="ref"}). Planarians are able to regenerate missing parts in their body by activating adult somatic stem cells called neoblasts. Neoblasts are recognized as the only cells with proliferative capacity in planarians (Aboobaker [2011](#reg253-bib-0001){ref-type="ref"}; Reddien [2013](#reg253-bib-0030){ref-type="ref"}; Rink [2013](#reg253-bib-0032){ref-type="ref"}). Thus, neoblasts constantly divide to support cellular turnover of adult tissues and to recreate missing or damaged parts after injury. Planarians possess a tightly regulated system capable of controlling neoblast proliferation in response to the presence of tissue damage and localized cell death that ensures body homeostasis. Significant research attention is focused on understanding intrinsic neoblast properties and the signals regulating neoblast behavior.

Over the last decade, an increasing number of methods and techniques have been developed to analyze neoblast regulation during cellular turnover and regeneration. One of these approaches involves flow cytometry experiments that allow classification of planarian cells based on different features. The original fluorescence activated cell sorting (FACS) protocol in planarians was developed by the laboratory of Kiyokazu Agata (Asami et al. [2002](#reg253-bib-0002){ref-type="ref"}; Hayashi et al. [2006](#reg253-bib-0017){ref-type="ref"}). This initial work demonstrated the feasibility of FACS to sort and characterize tissue‐specific cells through an *ex vivo* approach based on fluorescent markers that label DNA. The application of FACS analyses is commonly used in planarian research to evaluate DNA content, cell cycle dynamics, nuclear features, clonogenic potential, cell death, and the expression of markers related to neoblasts and differentiated tissues (Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}; Oviedo & Levin [2007](#reg253-bib-0023){ref-type="ref"}; Kang & Sánchez Alvarado [2009](#reg253-bib-0019){ref-type="ref"}; Hayashi et al. [2010](#reg253-bib-0018){ref-type="ref"}; Wagner et al. [2011](#reg253-bib-0042){ref-type="ref"}; Moritz et al. [2012](#reg253-bib-0021){ref-type="ref"}; Peiris et al. [2012](#reg253-bib-0026){ref-type="ref"}; Shibata et al. [2012](#reg253-bib-0038){ref-type="ref"}; Scimone et al. [2014](#reg253-bib-0035){ref-type="ref"}; van Wolfswinkel et al. [2014](#reg253-bib-0044){ref-type="ref"}; Zhu et al. [2015](#reg253-bib-0046){ref-type="ref"}). FACS protocols are regularly coupled with modern molecular biology techniques and methods to characterize the complexity of neoblast subpopulations, loss‐of‐function phenotypes, pharmacological treatments, gene expression studies, and to develop genomic resources.

The classical work by Bardeen and Baetjer ([1904](#reg253-bib-0003){ref-type="ref"}) as well as Dubois ([1949](#reg253-bib-0010){ref-type="ref"}) demonstrated that planarian exposure to γ irradiation abolishes planarian regenerative properties and leads to lethality. This finding has proved quite useful to characterize neoblast function through FACS. Doses of γ irradiation, generally over 2000 rad, irreversibly eliminate neoblasts, which is followed by tissue loss (i.e., head regression), curling‐up of the ventral surface, and animal death in about 3 weeks (Wagner et al. [2011](#reg253-bib-0042){ref-type="ref"}). Thus, γ irradiation is applied as a strategy to eliminate neoblasts and, through comparative analysis, elucidate their location in FACS profiles (Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}; Hayashi et al. [2006](#reg253-bib-0017){ref-type="ref"}). This approach identified three cell populations based on their sensitivity to γ irradiation: the irradiation sensitive X1 and X2 as well as the irradiation insensitive Xins (originally termed XIS). Cells within the X1 group contain proliferative neoblasts while cells in the X2 compartment are represented by a heterogeneous group including irradiation sensitive neoblasts, post‐mitotic progeny and other less characterized cell types. Differentiated cells mostly comprise the Xins component (Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}; Hayashi et al. [2006](#reg253-bib-0017){ref-type="ref"}; Eisenhoffer et al. [2008](#reg253-bib-0012){ref-type="ref"}; Zhu et al. [2015](#reg253-bib-0046){ref-type="ref"}).

Flow cytometry is also useful to analyze cell cycle and cell death parameters in planarians (Kang & Sánchez Alvarado [2009](#reg253-bib-0019){ref-type="ref"}; Bender et al. [2012](#reg253-bib-0006){ref-type="ref"}). The initial protocol for cell cycle analysis was introduced by the Sánchez Alvarado laboratory and has remained without changes for the most part (Kang & Sánchez Alvarado [2009](#reg253-bib-0019){ref-type="ref"}). Results using annexin V−fluorescein isothiocyanate (FITC) and propidium iodide (PI) in planarians were briefly presented to demonstrate levels of cell death, but a detailed protocol of this procedure is not readily available (Bender et al. [2012](#reg253-bib-0006){ref-type="ref"}). Altogether, flow cytometry protocols are essential components of the molecular repertoire to characterize neoblast function during cellular turnover and regeneration.

Hoechst stains are part of a family of nuclear staining dyes including Hoechst 33258, 33342, and 34580, which are common to almost all flow cytometry protocols in planarians (Asami et al. [2002](#reg253-bib-0002){ref-type="ref"}; Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}; Hayashi et al. [2006](#reg253-bib-0017){ref-type="ref"}; Eisenhoffer et al. [2008](#reg253-bib-0012){ref-type="ref"}; Scimone et al. [2010](#reg253-bib-0034){ref-type="ref"}; Wagner et al. [2011](#reg253-bib-0042){ref-type="ref"}; Hayashi & Agata [2012](#reg253-bib-0016){ref-type="ref"}; Moritz et al. [2012](#reg253-bib-0021){ref-type="ref"}; Romero et al. [2012](#reg253-bib-0033){ref-type="ref"}; van Wolfswinkel et al. [2014](#reg253-bib-0044){ref-type="ref"}). Hoechst dyes are membrane‐permeable and generally display lower toxicity than other nuclear markers such as DAPI (4′,6′‐diamidino‐2‐phenylindole). Hoechst 33342 is the most commonly used dye in the family, and can be excited around 355 nm by a UV light laser. When bound to DNA, it emits blue fluorescence around an emission maximum of 461 nm (BD Pharmigen [2015](#reg253-bib-0004){ref-type="ref"}). This emission spectrum allows simultaneous FACS analysis with fluorescent markers with emission in the red and green spectra. Its spectral versatility and its low cost make Hoechst 33342 very attractive for flow cytometry studies. However, the use of Hoechst dyes also incorporates limitations that could interfere with experimental design (Durand & Olive [1982](#reg253-bib-0011){ref-type="ref"}; Martin et al. [2005](#reg253-bib-0020){ref-type="ref"}). For example, the Hoechst signal is quenched by simultaneous labeling with bromodeoxyuridine (BrdU), so for cell cycle analysis involving BrdU an alternative DNA marker such as DAPI is required (Crissman & Steinkamp [1987](#reg253-bib-0009){ref-type="ref"}). Perhaps the most limiting consideration is the requirement of UV light or multiphoton laser to excite Hoechst dyes. Not all flow cytometer instruments incorporate UV lasers in their specifications. Moreover, the detrimental UV‐induced cellular damage, alterations in cell cycle, and cell death have been extensively documented in a variety of organisms including bacteria, plants, and animals (Stein et al. [1989](#reg253-bib-0041){ref-type="ref"}; Hall et al. [1996](#reg253-bib-0015){ref-type="ref"}; Cadet et al. [2005](#reg253-bib-0008){ref-type="ref"}; Rastogi et al. [2010](#reg253-bib-0029){ref-type="ref"}; Nawkar et al. [2013](#reg253-bib-0022){ref-type="ref"}).

Here, we present an alternative flow cytometry protocol that reduces time of sample preparation and adopts the nuclear marker DRAQ5^TM^ (Smith et al. 1999, [2000](#reg253-bib-0040){ref-type="ref"}) as a substitute for the traditional use of UV excitable staining in FACS and cell cycle studies. We also describe a detailed protocol to analyze cell death in planarians with annexin V and 7‐aminoactinomycin D (7‐AAD) staining that reliably monitors changes in cellular survival. The protocols described here are intended as a community resource to complement existing molecular tools and to minimize adverse effects by manipulation and staining with UV excitable markers.

Results {#reg253-sec-0020}
=======

DRAQ5 as an alternative nuclear marker for FACS analysis in planarians {#reg253-sec-0030}
----------------------------------------------------------------------

The initial FACS protocol adapted to planarian cells has been slightly modified over the years (Asami et al. [2002](#reg253-bib-0002){ref-type="ref"}; Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}; Hayashi et al. [2006](#reg253-bib-0017){ref-type="ref"}; Oviedo & Levin [2007](#reg253-bib-0023){ref-type="ref"}; Eisenhoffer et al. [2008](#reg253-bib-0012){ref-type="ref"}; Fernandez‐Taboada et al. [2010](#reg253-bib-0014){ref-type="ref"}; Pearson & Sánchez Alvarado [2010](#reg253-bib-0025){ref-type="ref"}; Scimone et al. [2010](#reg253-bib-0034){ref-type="ref"}; Hayashi & Agata [2012](#reg253-bib-0016){ref-type="ref"}; Moritz et al. [2012](#reg253-bib-0021){ref-type="ref"}; Peiris et al. [2012](#reg253-bib-0026){ref-type="ref"}; Romero et al. [2012](#reg253-bib-0033){ref-type="ref"}; Hubert et al. [2013](#reg253-bib-0048){ref-type="ref"}). Nonetheless, all protocols involve two main preparatory steps before FACS analysis: (1) whole planarian cellular dissociation and (2) FACS staining procedures. These preparatory steps are preserved across different protocols and differences may apply mainly to the dissociation time and incubation with nuclear markers. Recently, Hubert et al., introduced modifications to the planarian dissociation and staining procedures (Hubert et al., [2013](#reg253-bib-0048){ref-type="ref"}). Specifically, animal dissociation is carried out with additional equipment GentleMACS (Miltenyi Biotec) and cellular staining replaced Hoechst by the Nuclear--ID dye, which does not require UV‐excitation. The use of Hoechst and PI as DNA markers is standard to almost all protocols published to date (Asami et al. [2002](#reg253-bib-0002){ref-type="ref"}; Hayashi et al. [2006](#reg253-bib-0017){ref-type="ref"}; Hayashi & Agata [2012](#reg253-bib-0016){ref-type="ref"}; Moritz et al. [2012](#reg253-bib-0021){ref-type="ref"}; Romero et al. [2012](#reg253-bib-0033){ref-type="ref"}). A schematic summary of the most recent versions of the protocol is included in Figure [1](#reg253-fig-0001){ref-type="fig"}. The process of dissociation in most protocols involves physical disruption by dicing whole planarians with a razor blade followed by enzymatic digestion with trypsin, papain, or collagenase in a calcium−magnesium‐free (CMF) solution at either 4°C or room temperature. In some cases, planarian dissociation is preceded by treatment with mucolytic agents such as [l]{.smallcaps}‐cysteine hydrochloride monohydrate (Fernandez‐Taboada et al. [2010](#reg253-bib-0014){ref-type="ref"}; Moritz et al. [2012](#reg253-bib-0021){ref-type="ref"}; Romero et al. [2012](#reg253-bib-0033){ref-type="ref"}). The Hoechst staining process varies among different protocols where some use staining for as little as 20 min (Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}) or up to 120 min (Fernandez‐Taboada et al. [2010](#reg253-bib-0014){ref-type="ref"}; Hayashi & Agata [2012](#reg253-bib-0016){ref-type="ref"}). Altogether, the preparation time before flow cytometry in all these protocols is about 2 h and 30 min.

![Schematic summary of recent FACS protocols in planarians. Representative variations of FACS protocols in planarians for the past 5 years are presented. The corresponding reference of the protocols is shown in the blue box and representative steps of the two main components of prepping samples before FACS analysis (i.e. whole planarian cellular dissociation and nuclear staining) are described within the two contiguous boxes. Notice the DRAQ5 and calcein‐AM protocol proposed does not involve enzymatic digestion or propidium iodide (PI) nuclear staining.](REG2-3-123-g001){#reg253-fig-0001}

We have optimized an alternative FACS protocol that reduces two key aspects of the sample preparation: whole planarian dissociation and cellular staining (Fig. [1](#reg253-fig-0001){ref-type="fig"}). First, our approach relies on whole planarian dissociation without mucolytic treatment or any other type of enzymatic digestion. We achieved high cellular yields and reproducible FACS results by mechanical disruption based on dicing worms with a razor blade followed by rocking in CMF solution for up to 30 min at 4°C (Fig. [1](#reg253-fig-0001){ref-type="fig"} and data not shown). Second, we use the nuclear dye DRAQ5 (1,5‐bis\[2‐(di‐methylamino) ethyl\] amino‐4,8‐dihydroxyanthracene‐9,10‐dione) instead of Hoechst for DNA staining (Smith et al. 1999, [2000](#reg253-bib-0040){ref-type="ref"}). DRAQ5 (deep red fluorescing anthraquinone \#5) is a far‐red fluorescent DNA marker, which is membrane permeable and can be used in live or fixed cells (Abcam® ab108410, Thermo‐Fisher 62251, Cell Signal 4084, eBioscience 65‐0880‐92). As in previous protocols, calcein staining is used to label living cells, replacing the need to use PI to distinguish live versus dead cells. The excitation and emission spectra for DRAQ5, Hoechst, and calcein are depicted in Figure [2](#reg253-fig-0002){ref-type="fig"}.

![Comparison of the excitation and emission spectra of DRAQ5, calcein, and Hoechst. The absorption (dotted lines) and emission (solid, colored histogram) spectra for (A) DRAQ5, (B) calcein, and (C) Hoechst are shown. The collection channel filters for green (530/30) and far red (750LP) fluorescence are shown in all figures and (C) shows the collection channel for blue (450/40) fluorescence. The solid vertical lines show the 355 nm, 488 nm, and 633 nm lasers used to stimulate these fluorophores. Images were generated using BD Fluorescence Spectrum Viewer (<http://m.bdbiosciences.com/us/s/spectrumviewer>).](REG2-3-123-g002){#reg253-fig-0002}

### Cellular dissociation for FACS analysis {#reg253-sec-0040}

In our experience, two planarians (∼6 mm length) yield about 1 million total cells. If dissociating 10 or fewer animals per sample, it is recommended to transfer the diced animals to a 15 mL conical tube. If more than 10 animals will be used in a sample, transfer the diced animals to a 50 mL conical tube.

Note that certain RNA interference (RNAi) phenotypes may render preparations more susceptible to cell death during manipulation. In those cases, it is advisable to use ∼20 animals per sample. Prepare CMF medium plus 1% bovine serum albumin (BSA) (CMFB) without digestive enzymes and adjust the pH to 7.3 just before the experiment (Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}). If keeping the CMF overnight, make sure to check and adjust its pH before use.Place a 15 mL (or 50 mL) conical tube on ice and add 14 mL (or 45 mL) of CMFB medium. Keep tubes on ice at all times.Planarian dissociation must be performed on a cold surface. Place 10−20 large planarians on a Petri dish (100 mm × 25 mm). Remove all water and add ∼2−3 mL of cold CMFB medium and gently wash the planarians. Note that adding the CMFB medium abruptly could create bubbles that potentially would reduce the yield of dissociation. After washing the animals, remove the CMFB medium completely since any leftover medium will reduce the dissociation efficiency. Use a Kimwipe to absorb the majority of the medium but leave some moisture behind around the worms.Using a fresh razor blade, quickly dice the worms until their appearance is homogeneous with no recognizable tissue under the microscope. Note that cells should always be kept at low temperature with minimum time between steps.Transfer the diced worms to a conical tube containing cold CMFB (from step 2). To increase the cellular yield, briefly rinse the Petri dish used to cut the animals by adding a few milliliters of cold CMFB to it. Transfer the rinse liquid to the same tube containing the diced tissue.Gently rock the tube containing the dissociated planarians for 30 min at 4°C.

Note that during this incubation period the following preparatory steps could be performed: Setup of the flow cytometer instrumentPreparation of the DRAQ5/CMFB solutionPreparation of the calcein/CMFB solution (add dimethyl sulfoxide to the calcein stock and mix this calcein solution with CMFB; see below)

Note that dye mixes should always be kept cold and in the dark.

Strain the dissociated samples into a 50 mL conical tube using a 40 μm cell strainer.Centrifuge the strained samples for 5 min at 1500 rpm at 4°C. Remove all the supernatant carefully. A cell pellet should be visible at the bottom of the tube.Add 1−2 mL of ice‐cold CMFB medium and place the samples on ice.Determine the cell number and viability using a hemocytometer and trypan blue. Note that ascertaining the cell number is essential to nuclear staining accuracy.

Cellular staining for FACS analysis {#reg253-sec-0050}
-----------------------------------

The following protocol is optimized to stain a total of 1 million cells. If larger numbers of cells are going to be used for sorting purposes, scale up the total volume of dye mixtures accordingly. To sort X1, X2, and Xins cell populations we recommend increasing the number of cells to more than 20 million. If the sample is going to be used for cell population frequency or cell cycle analysis, we usually required about 2−3 million cells per experiment. Add 1 μL of DRAQ5 to 1 mL of ice‐cold CMFB (5 μmol/L final concentration DRAQ5 per 1 million cells). Gently mix and place on ice in the dark.Prepare a solution of calcein by adding 250 μL of dimethyl sulfoxide into the calcein stock tube (50 μg). Mix well.Add 2 μL of the calcein mixture made in step 2 to 1 mL of ice‐cold CMFB (0.4 μg/mL final concentration calcein per 1 million cells). Gently mix and place on ice in the dark.Place about 1 × 10^6^ cells into 1.5 mL centrifuge tubes. Spin the tubes for 5 min at 1500 rpm at 4°C. Discard the supernatant. A dark pellet should be visible at the bottom of the tube.Gently resuspend the pellet with 500 μL of the DRAQ5 mixture (from step 1). The DRAQ5 final concentration that we recommend is 5 μmol/L per 1 million cells.Incubate the tube at room temperature, in the dark, for 20 min.Add 500 μL of the diluted calcein solution (from step 3) and mix gently.Incubate the tube at room temperature, in the dark, for 10 min.After incubation, place the tubes back on ice and keep them in the dark.At this point the cells are ready for analysis or sorting. Pass the samples through the flow cytometer immediately.

Note that if an analysis or sorting takes more than 30 min, it is recommended to stagger the staining of different samples. Ideally each sample/condition would be exposed to the dyes for similar amounts of time.

Cellular gating and FACS analysis {#reg253-sec-0060}
---------------------------------

The stained, dissociated sample is heterogeneous, consisting of viable cells, cell aggregates, dead cells, and cellular fragments. To obtain reliable FACS data, it is necessary to analyze only viable, single cells, which in this case would be classified based on DNA content and their sensitivity to γ irradiation.

Below, we outline the sequential steps recommended to identify three subpopulations of planarian cells (X1, X2, and Xins) based on staining with DRAQ5 and calcein and their respective sensitivity to γ irradiation. The graphical illustration of this procedure (Fig. [3](#reg253-fig-0003){ref-type="fig"}) is represented as a comparative profile between two pooled samples consisting of 10 worms each that were subjected to mock RNAi (control) and disruption with RNAi of the target of rapamycin (TOR) gene (Peiris et al. [2012](#reg253-bib-0026){ref-type="ref"}). Determine the size and granularity of the stained cellular mix by visualizing forward scatter height (FSC‐H, linear scale) and side scatter area (SSC‐A, log scale). This step will help to exclude cellular debris generated during the dissociation process (see gate outlined in blue in Fig. [3](#reg253-fig-0003){ref-type="fig"}A). Cells maintain granularity and a complex architecture, which dust particles will not possess.Select for single cells. The gated cell population in step 1 will contain single cells and cell aggregates (cell doublets, triplets, etc.). Selection of single cells, and accurate discrimination of doublets, is achieved by visualizing FSC‐H versus FSC width (FSC‐W) (Fig. [3](#reg253-fig-0003){ref-type="fig"}B). Note that the cells generate a signal pulse as they pass through the instrument\'s laser beam. This pulse has a height and a width, giving information about the length of the cell passing through the beam. For accurate DNA measurements, this information is used to distinguish between single cells and doublets (Sharpless et al. [1975](#reg253-bib-0037){ref-type="ref"}; Sharpless & Melamed [1976](#reg253-bib-0036){ref-type="ref"}; Wersto et al. [2001](#reg253-bib-0043){ref-type="ref"}).Identify live cells based on calcein staining. Calcein‐AM is a membrane permeable viability dye that is retained by viable cells that use esterases to cleave its acetoxymethyl group. After cleavage, calcein will not be membrane permeable and will fluoresce. The 488 nm laser excites this dye and its peak emission is at 515 nm, such that it requires the green channel (530/30 filter) for its detection and collection. We use the SSC‐A and FITC‐A:calcein, both on a log scale, to identify cells that have cleaved calcein, which will denote the viable cell population in the sample (Fig. [3](#reg253-fig-0003){ref-type="fig"}C). To effectively establish the gate, a single stain calcein control is needed.Identify the pattern of the cells based on the DRAQ5 signal. The DNA bound DRAQ5 is excited by the 633 nm laser and emits far‐red fluorescence (\> 650 nm). Therefore, we utilized the APC‐Cy7 channel, in linear scale, using the 750LP filter to collect its fluorescence (Fig. [3](#reg253-fig-0003){ref-type="fig"}D). As opposed to Hoechst, DRAQ5 maintains spectral separation with calcein, which emits in the green spectrum and therefore does not require compensation (Fig. [2](#reg253-fig-0002){ref-type="fig"}). The calcein+ live cells (C) can now be visualized in the APC‐A (linear) versus APC‐Cy7‐A:DRAQ5 (linear) channels. This oval blue gate eliminates calcein+ apoptotic cells that have less than 2n DNA content. Note that DRAQ5\'s broad emission range prevents it from being used together with PE‐Cy7, APC, APC‐Cy7 and Alexa Fluor 700 fluorophores.Gate planarian cellular subpopulations by plotting DNA content versus live cell populations. This step denoting DRAQ5 on the ordinate axis and calcein signal on the abscissa allows visualization of X1, X2, and Xins populations (Fig. [3](#reg253-fig-0003){ref-type="fig"}E). The cellular distribution is additionally confirmed by plotting side by side an irradiated sample displaying dramatic reduction of the irradiation sensitive X1 and X2 subpopulations (not shown).

![Sample gating strategy to identify planarian cell populations (X1, X2, and Xins). Planarian single cell suspension samples were obtained from five whole planarians and stained as described. To consider the representative number of events, a minimum of 250,000 events were collected per sample. This number would yield around 25,000 events in the last visualization. (A) FSC‐H (linear) and SSC‐A (log) parameters were analyzed and a gate (blue square) was placed over the majority of the cells. (B) Cells gated on (A) were visualized in FSC‐H versus FSC‐W. The narrow FSC‐W gate will contain single cells. (C) The single cells gated in (B) were visualized for SSC‐A versus FITC‐A:calcein (log). Calcein positive cells (oval blue gate) were selected to eliminate dead cells. (D) The calcein+ live cells (C) were visualized in APC‐A (linear) versus APC‐Cy7‐A:DRAQ5 (linear). This gate was done to eliminate calcein+ apoptotic cells that had less than 2n DNA content. The desired cells are inside the blue oval gate. (E) Cells gated in (D) were visualized in APC‐Cy7‐A:DRAQ5 (linear) versus FITC‐A:calcein (log). The X1, X2, and Xins populations are found in the blue square gates.](REG2-3-123-g003){#reg253-fig-0003}

In addition to the RNAi experiment, we also applied the gating and FACS analysis described above to analyze expression properties of sorted cells (X1, X2, and Xins). First, the expression of specific markers for each sorted cell population (e.g., X1, *smedwi‐1*; X2, *Prog‐1*; and Xins, *AGAT‐1*) was assayed through fluorescent in situ hybridization (Peiris et al. [2012](#reg253-bib-0026){ref-type="ref"}). The percentage of cells expressing markers for the respective cell populations was consistent with previous results (Eisenhoffer et al. [2008](#reg253-bib-0012){ref-type="ref"}), suggesting that our protocol is effective in sorting cells that express known markers for X1, X2, and Xins cells (Fig. [4](#reg253-fig-0004){ref-type="fig"}A). The X1 cellular fraction includes proliferative neoblasts; thus we assayed through quantitative polymerase chain reaction (qPCR) the expression of the pan‐neoblast marker *smedwi‐1* and *Smed‐cyclinB* (*cyclinB* for short), which is specifically expressed within proliferative cells (Fig. [4](#reg253-fig-0004){ref-type="fig"}B). Both *smedwi‐1* and *cyclinB* are highly expressed in the X1 group, confirming that proliferative cells are included. Recent studies revealed that the X1 group is heterogeneous and integrated by two prominent neoblast classes zeta and sigma (van Wolfswinkel et al. [2014](#reg253-bib-0044){ref-type="ref"}). We found that the X1 cells sorted using DRAQ5 also express markers for each of the neoblast subclasses (Fig. [4](#reg253-fig-0004){ref-type="fig"}C). Our findings indicate that the gating strategy and FACS analysis involving DRAQ5 staining are effective to study diverse planarian cell populations.

![Cellular subpopulations isolated with DRAQ5 staining express neoblast and post‐mitotic markers. Planarian single cell suspension samples were obtained from five whole planarians and stained as described. (A) Fluorescent in situ hybridization using probes specific for X1, X2, and Xins cell populations. Cell nuclei were stained with DAPI (blue signal) and fluorescent anti‐sense probes (green signal) *smedwi‐1* (X1), *Prog‐1* (X2), and *AGAT‐1* (Xins). Arrows indicate either cells expressing the respective gene (orange) or cells that do not express the gene (white). The percentage of cells expressing each gene is represented at the bottom right corner of the respective merge image. Values represent the mean ± SD of three different samples obtained from the sorting of 10 dissociated planarians. (B), (C) Gene expression levels determined with qPCR using RNA extracted from X1 cells using neoblast specific probes and neoblast subclasses. qPCR analyses are from triplicate experiments; values represent the mean ± SD. Gene expressions are relative to the ubiquitously expressed clone *H.55.12e*.](REG2-3-123-g004){#reg253-fig-0004}

We also assayed the sensitivity of DRAQ5 staining to determine changes in planarian cell populations after single lethal doses of γ irradiation (6000 rad). Briefly, planarians were irradiated and a group of 10 animals were dissociated every 3 h during 24 h. The changes for each planarian cell population (i.e., X1, X2, and Xins) are represented in Figure [5](#reg253-fig-0005){ref-type="fig"}. Our results reveal that in the first 24 h there is a dramatic reduction of the radiation sensitive X1 and X2 cells, while the Xins population tends to increase after irradiation. These results demonstrate that the DRAQ5 staining and gating procedure described here are effective to record changes in cell populations after lethal irradiation.

![Effects of lethal irradiation on planarian cell populations. Planarians were exposed to a single lethal dose of γ irradiation (6000 rad) and a group of 10 animals were dissociated and cells stained with DRAQ5 and calcein every 3 h for 24 h. (A) FACS profiles with each cell population color‐coded blue, green, and red for X1, X2, and Xins, respectively. (B) The frequency of parent events for each individual cell population is presented in the bar graph to illustrate the changes over time.](REG2-3-123-g005){#reg253-fig-0005}

Flow cytometry protocol to analyze cell death in planarians {#reg253-sec-0070}
===========================================================

Maintenance of homeostasis and tissue regeneration and patterning requires programmed cell death. Current immunostaining protocols using terminal deoxynucleotidyl transferase (TdT) dUTP nick‐end labeling (TUNEL) assay and caspase 3 shows systemic cell death in specific regions of the animal (Pellettieri & Sánchez Alvarado [2007](#reg253-bib-0027){ref-type="ref"}; Pellettieri et al. [2010](#reg253-bib-0028){ref-type="ref"}; Beane et al. [2013](#reg253-bib-0005){ref-type="ref"}). However, these protocols pose some technical difficulties related to reproducibility in large size animals. The levels of cell death, however, could be easily surveyed by flow cytometry analysis using annexin V and 7‐AAD (Zimmermann & Meyer [2011](#reg253-bib-0047){ref-type="ref"}; Zembruski et al. [2012](#reg253-bib-0045){ref-type="ref"}), and we adopted these reagents to analyze cell death in planarians (Fig. [6](#reg253-fig-0006){ref-type="fig"}A). Live cells contain phosphatidylserine (PS) phospholipids on the cytoplasmic leaflet of the plasma membrane. During apoptosis, PS is translocated and represented on the outer leaflet of the membrane, where it can be bound by fluorescently labeled annexin V protein. Thus, annexin V can be used to visualize cells that have initiated programmed cell death (Zimmermann & Meyer [2011](#reg253-bib-0047){ref-type="ref"}). Although in our laboratory we utilized annexin V conjugated with the fluorochrome Pacific Blue, annexin V conjugated to other fluorochromes could be used as long as the fluorescence emission does not overlap with the emission of 7‐AAD.

![Prepping procedure for analysis of cell death and comparison of the excitation and emission spectra of 7‐AAD and Pacific Blue. (A) Representative summary of the cellular dissociation and staining procedures to analyze cell death. (B) The absorption (dotted lines) and emission (solid, colored histogram) spectra for 7‐AAD and Pacific Blue are shown. The collection channel filters for blue (450/40) and red (630/30) fluorescence are shown in all figures. The solid vertical lines show the 405 nm and 488 nm lasers used to stimulate these fluorophores. Images were generated using BD Fluorescence Spectrum Viewer (<http://m.bdbiosciences.com/us/s/spectrumviewer>).](REG2-3-123-g006){#reg253-fig-0006}

Detection of apoptotic cells requires PI or 7‐AAD, which can be decided based on the optical specifications of the instrument available. PI has a broad range absorption spectrum and can be excited with the 488 nm laser. Its emission can be detected with the 630/22 filter. However, PI fluorescence overlaps significantly with the FL2 (575/26) and FL3 (670LP) channels (Boyd et al. [2008](#reg253-bib-0007){ref-type="ref"}). To reduce these complications, we used 7‐AAD in our apoptotic assays. 7‐AAD is a DNA intercalating dye that is used to measure cell death (Zimmermann & Meyer [2011](#reg253-bib-0047){ref-type="ref"}). This dye is excited by the 488 nm laser, its emission peak is at 650 nm and can be detected by the FL3 channel and, unlike PI, its fluorescence overlaps minimally with the FL2 channel (Fig. [6](#reg253-fig-0006){ref-type="fig"}B, C). Furthermore, 7‐AAD does not leech from fixed, stained cells like PI, and its fluorescence remains stable for longer (Falzone et al. [2010](#reg253-bib-0013){ref-type="ref"}).

For apoptosis analysis, planarian single cell suspensions were obtained as described above. To confirm that apoptotic planarian cells had the capability to stain efficiently with annexin V and 7‐AAD, we compared untreated cells to cells heated for 10 min at 60°C (Fig. [7](#reg253-fig-0007){ref-type="fig"}). The initial FSC‐H versus SSC‐A and FSC‐H versus FSC‐W gates were performed as described in Fig. [3](#reg253-fig-0003){ref-type="fig"}A and [3](#reg253-fig-0003){ref-type="fig"}B, respectively, to concentrate the analysis in single cells. After this, the population was examined with annexin V on the *x* axis and 7‐AAD on the *y* axis, both parameters set in log phase (Fig. [7](#reg253-fig-0007){ref-type="fig"}). The resulting plot displayed three populations: live cells (7‐AAD and annexin V negative, lower left quadrant), early apoptotic cells (7‐AAD negative and annexin V positive, lower right quadrant), and the late apoptotic or necrotic cells (7‐AAD and annexin V positive, upper right quadrant). Note the increase in percentage of dying cells in the heated sample (13.5%) compared to the unheated sample (3.9%).

![Distribution of living and dead cells stained with annexin V and 7‐AAD. Representative plot illustrating the distribution of viable cells (green label, lower left quadrant) and different stages of apoptotic cells (red arrows), early (lower, right quadrant) and late stage or necrotic cells (upper quadrants). Notice the increase in cell death after increasing the temperature to 60°C for 10 min. The analysis involves 1 × 10^5^ planarian cells from three worms.](REG2-3-123-g007){#reg253-fig-0007}

Discussion {#reg253-sec-0080}
==========

Preserving cellular integrity is crucial for attaining reliable conclusions in ex vivo studies. Lengthy prepping time may influence cellular properties and affect the quality of the final results. Thus, our findings showing the feasibility of prepping dissociated planarian cells in half the time of current protocols provide a valuable alternative for studies of flow cytometry and subsequent analyses on isolated cells. Furthermore, whole planarian cellular dissociation in the absence of mucolytic agents or other types of enzymatic digestion probably contributes to preserve cellular integrity. Additionally, the protocol described here does not involve exposure to UV radiation, which is known to induce DNA damage (Stein et al. [1989](#reg253-bib-0041){ref-type="ref"}; Rastogi et al. [2010](#reg253-bib-0029){ref-type="ref"}; Nawkar et al. [2013](#reg253-bib-0022){ref-type="ref"}). Altogether, we present protocols aimed at flow cytometry studies with fewer reagents, half of the prepping time, and without exposing cells to UV rays.

The protocols we describe for FACS analysis improve two main components of the prepping procedure, cellular dissociation and staining time, and are not dependent on the exclusive utilization of DRAQ5. For instance, whole worm dissociation could be performed without enzymatic digestion as we describe here and staining could be done using either Hoechst or DRAQ5 dyes. The proposed FACS protocol using DRAQ5 is reproducible and sensitive enough to determine changes in planarian cell populations after RNAi experiments and treatment with a lethal dose of γ irradiation. These results provide an effective alternative to FACS experiments using Hoechst. We advocate the use of DRAQ5, not only because it provides comparable results to Hoechst nuclear staining, but also because it has several advantages over Hoechst dyes. First, most bench top flow cytometry instruments come equipped with a 633 nm laser, while not all instruments have a UV light laser. Since DRAQ5 is excited by the 633 nm laser, this makes it a more accessible reagent for laboratories interested in performing flow cytometry studies of planarian stem cells and cell cycle. Moreover, DRAQ5 could be used in combination with BrdU staining to analyze cell cycle dynamics, a study that is not possible with Hoechst dyes (Crissman & Steinkamp [1987](#reg253-bib-0009){ref-type="ref"}). The rapid membrane permeability and generalized intercalation of DRAQ5 to DNA reduce the staining time before FACS analysis and provide a more uniform DNA stoichiometric signal (Martin et al. [2005](#reg253-bib-0020){ref-type="ref"}). Additionally, Hoechst dyes tend to preferentially bind to adenine and thymine (AT) rich regions within DNA, which could lead to characterization of partial regions of the genome and inconsistencies among cell populations (Durand & Olive [1982](#reg253-bib-0011){ref-type="ref"}). Previous studies in cultured HeLa cells determined that DRAQ5 staining displays low bleaching behavior over time and it is less toxic than other DNA dyes, including TOPRO‐3, TOTO‐3, PI, and Hoechst 33258 (Martin et al. [2005](#reg253-bib-0020){ref-type="ref"}). Our own empirical observations suggest that the 5 μM working concentration of DRAQ5 that we use in planarians has no apparent effects on cell cycle dynamics (unpublished observations). However, longer incubations with DRAQ5 (over 24 h) have been associated with disruption of G2/M phases of the cell cycle in vitro (Martin et al. [2005](#reg253-bib-0020){ref-type="ref"}). Hoechst staining tends to diffuse through the cell over time, which may lead to potential pitfalls during the analysis of dividing and non‐dividing cells. Photobleaching with Hoechst is fast (within 1−2 min), while DRAQ5 stained cells maintain no bleaching behavior. Thus during flow cytometry sorts that span several hours, DRAQ5 will be a better staining candidate (Martin et al. [2005](#reg253-bib-0020){ref-type="ref"}). Although the cost of DRAQ5 is higher than Hoechst, we believe the benefits from using a more stable DNA dye and a fast staining protocol compensate for the price differential of the reagent and are worth the investment. It is worth mentioning that the cost of a flow cytometry instrument with UV laser capability is probably much higher than the more affordable instrument without it. Additional experiments are needed to determine whether UV exposure during planarian cell FACS analysis triggers adverse cellular reactions, including DNA damage response, or affects cellular integrity. Thus, the use of DRAQ5 staining represents a viable alternative that would probably minimize the loss of vulnerable cell populations by reducing the time of *ex vivo* procedures.

We also present a simple protocol to evaluate apoptotic cell death in planarians. Tissue homeostasis and regeneration rely on opportune cell death and the current protocols available to analyze cell death in planarians (TUNEL and caspase‐3 immunostaining) have inherited experimental limitations due mostly to inconsistencies in whole‐mount staining. These studies are also done in cells that are fixed, while the FACS staining is done in live cells that can be utilized later for molecular or *in vivo* studies. The possibility of using our rapid whole planarian dissociation protocol followed by staining with annexin V and 7‐AAD represents an attractive alternative to analyze large groups of animals at once. Our protocol is highly sensitive, reproducible and could complement the spatial information obtained in whole‐mount staining for TUNEL and caspase‐3 immunostaining (Pellettieri & Sánchez Alvarado [2007](#reg253-bib-0027){ref-type="ref"}; Pellettieri et al. [2010](#reg253-bib-0028){ref-type="ref"}; Beane et al. [2013](#reg253-bib-0005){ref-type="ref"}). Altogether, the protocols described here contribute to the arsenal of tools available to characterize the molecular basis of stem cell mediated tissue regeneration, adult tissue turnover and models of disease using planarians. These protocols are intended as community resources that would complement and facilitate in vivo analysis of stem cells and cell death in planarians.

Materials and methods {#reg253-sec-0090}
=====================

Planarian culture {#reg253-sec-0100}
-----------------

The planarian species used in these experiments was *Schmidtea mediterranea* CIW4. *S. mediterranea* culture was maintained as previously described (Oviedo et al. [2008](#reg253-bib-0024){ref-type="ref"}). Animals were starved for at least 1 week prior to experimentation.

Reagents for DNA staining {#reg253-sec-0110}
-------------------------

Catalog numbers for the reagents used in DNA staining are as follows: Hoechst 33342, Life Technologies cat \# H3570; DRAQ5, eBioscience cat \# 65‐0880‐96; PI, Life Technologies cat \# P3566; calcein‐AM, Life Technologies cat \# C3100MP.

### Calcium−magnesium‐free medium without digestive enzymes {#reg253-sec-0120}

The recipe for the CMF has been described previously (Reddien et al. [2005](#reg253-bib-0031){ref-type="ref"}). Briefly, CMF plus BSA is 15 mmol/L HEPES, 400 mg/L NaH~2~PO~4~, 800 mg/L NaCl, 1200 mg/L KCl, 800 mg/L NaHCO~3~, 240 mg/L glucose, 1% BSA, pH 7.3.

Flow cytometry data analysis {#reg253-sec-0130}
----------------------------

Samples were analyzed using either a BD LSRII flow cytometer (BD Biosciences) or sorted using a BD ARIAII flow cytometer (BD Biosciences), using BD FACSDiva™ software. Data analysis was performed with FlowJo software (TreeStar).

Cell death analysis {#reg253-sec-0140}
-------------------

Determination of cell death with flow cytometry was performed using 1 × 10^5^ dissociated planaria cells immersed in 100 μL of binding buffer (Bio Legend cat \# 422201) and stained with 5 μL of annexin V−Pacific Blue (Bio Legend cat \# 640918) and 5 μL of 7‐AAD viability staining solution (Bio Legend cat \# 420404). Note that staining solution concentrations may vary so titrations are recommended. Labeled cells were incubated at room temperature for 15 min in the dark. The samples were immediately analyzed using an LSRII flow cytometer (BD Biosciences).

Gamma irradiation of whole planarians {#reg253-sec-0150}
-------------------------------------

Lethally irradiated planaria provided reference cell populations to properly gate the radiation sensitive X1 and X2 cells, as previously described (Peiris et al. [2012](#reg253-bib-0026){ref-type="ref"}). Briefly, planarians were exposed to a single lethal dose of γ irradiation (6000 rad) that is known to irreversibly eliminate neoblasts (Wagner et al. [2011](#reg253-bib-0042){ref-type="ref"}). Seven days post‐irradiation, experimental and control animals were dissociated side by side as described above and used in flow cytometry studies.
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